CD40 is a member of the tumor necrosis factor receptor superfamily, expressed on a wide range of cell types including B cells, macrophages, and dendritic cells. CD40 is the receptor for CD40 ligand (CD40L), a molecule predominantly expressed by activated CD4 ؉ T cells. CD40͞CD40L interaction induces the formation of memory B lymphocytes and promotes Ig isotype switching, as demonstrated in mice knocked-out for either CD40L or CD40 gene, and in patients with X-linked hyper IgM syndrome, a disease caused by CD40L͞TNFSF5 gene mutations. In the present study, we have identified three patients with an autosomal recessive form of hyper IgM who fail to express CD40 on the cell surface. Sequence analysis of CD40 genomic DNA showed that one patient carried a homozygous silent mutation at the fifth base pair position of exon 5, involving an exonic splicing enhancer and leading to exon skipping and premature termination; the other two patients showed a homozygous point mutation in exon 3, resulting in a cysteine to arginine substitution. These findings show that mutations of the CD40 gene cause an autosomal recessive form of hyper IgM, which is immunologically and clinically undistinguishable from the X-linked form.
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C
ognate signaling between helper T cells and B cells involves a series of interactions between receptors and counterreceptors. Activated CD4 ϩ T cells express CD40 ligand (CD40L), which engages CD40 on resting B cells and accounts for most cell contact-dependent T cell help for B cells (1, 2) . CD40 activation is critical for B cell proliferation, Ig isotype switching, and germinal center formation (3) . The critical role of CD40͞CD40L interaction is underscored by the defects observed in patients with X-linked hyper IgM syndrome (HIGM1), who have a defect of CD40L expression because of mutations in the TNFSF5 gene (4) (5) (6) (7) . Because of defective T helper activity, B lymphocytes from HIGM1 patients express only surface IgM and IgD, and the antibody response is restricted to the IgM isotype (8) . In accordance with this concept, B lymphocytes obtained from HIGM1 patients proliferate and produce normal amounts of immunoglobulins (including IgM, IgG, IgA, and IgE) if appropriately stimulated in vitro with anti-CD40 and lymphokines (9, 10) , suggesting that HIGM1 is a primary T cell disorder. Similarly, CD40L-deficient mice show defective antibody formation and lack of Ig switching, and their lymphoid tissue is devoid of germinal centers (11) . A similar phenotype has been observed in CD40-deficient mice as well (12, 13) ; however, genetic defects of CD40 have not been reported in humans so far.
Although the hyper IgM syndrome is most commonly inherited as an X-linked trait (HIGM1), reports of autosomal recessive and autosomal dominant forms of the disease have indicated the existence of other genetic defects (8) . These forms of hyper IgM syndrome are characterized by lack of TNFSF5 gene mutations and by normal membrane expression of CD40L (CD40L ϩ HIGM). B cells from these patients do not undergo class switch recombination in vitro in the presence of CD40-agonists, suggesting that the defect(s) of CD40L ϩ forms of hyper IgM is (are) intrinsic to B cells (14, 15) . Recently, it has been shown that mutations of the activation-induced cytidine deaminase (AID) gene are responsible for HIGM2, one of the autosomal recessive forms of hyper IgM syndrome (16) .
However, mutations of the AID gene do not account for all cases of autosomal recessive HIGM syndrome in humans, suggesting that other genes may be involved. In this study, we demonstrate that two independent mutations of the CD40 gene, leading to lack of surface expression of CD40, cause an autosomal recessive form of immunodeficiency with hyper IgM (HIGM3), which is characterized by lack of Ig isotype switching, impaired generation of memory B cells, and defective somatic hypermutation.
Materials and Methods
Flow Cytometry. Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Hypaque density centrifugation. Immunofluorescent studies were performed by using the following antibodies: FITC-labeled anti-human CD40 (5C3 mAb), FITClabeled anti-human IgD (IA6-2 mAb), phycoerythrin (PE)-labeled anti-human IgM (G20-127 mAb), and PE-labeled antihuman CD19 (HIB19 mAb) from PharMingen; PE-labeled anti-human CD27 (L128 mAb) and PerCP-labeled anti-human CD20 (L27 mAb) from Becton Dickinson. PBMC were resuspended in PBS͞0.1% BSA (PBS͞BSA) at the concentration of 5 ϫ 10 5 -5 ϫ 10 6 cells͞ml and incubated at 4°C for 30 min with 5 l of the properly commercial antibodies. After staining, the cells were washed twice with PBS͞BSA and fixed in 2% paraformaldehyde in PBS. Samples were then analyzed by FACSCalibur (Becton Dickinson). natant, and the samples were boiled for 3 min. The proteins were separated by 10% SDS-polyacrylamide gel, transferred to poly(vinylidene difluoride) (PVDF) membrane (Immobilon-PMillipore) and probed with an affinity-purified rabbit polyclonal antibody raised against the amino terminus of CD40 (sc-974-Santa Cruz). The blot was developed by the enhanced chemiluminescence (ECL) Western blotting detection system (Amersham Pharmacia). The filter was stripped and reprobed with an affinity-purified rabbit polyclonal antibody raised against the carboxyl terminus of CD40 (sc-975-Santa Cruz) or with an anti-STAT5 (signal transducers and activators of transcription 5) antibody as control.
Human CD40 Gene Analysis. The human CD40 gene structure was determined by alignment of the CD40 mRNA sequence (accession no. NM 001250) with a contig derived from assembledHuman CD40 Transcripts Analysis. Total RNA from fresh PBMC was extracted by using NucleoSpin RNA II kit (Macherey & Nagel). The reverse transcription reaction was performed starting from 1-3 g of total RNA and random hexamers (GeneAmp RNA PCR Core kit; Perkin-Elmer).
Reverse transcription (RT)-PCR was performed with the following primers: P1, 5Ј-GGTTCGTCTGCTCTGCAGT-3Ј; P2, 5Ј-CAACATCAGTCTTGTTTGTGCCT-3Ј; P3, 5Ј-CCT-GTGAGAGCTGTGTCCT-3Ј; P4, 5Ј-GGTTGTGCAACAG-GCAGGCA-3Ј; and P5, 5Ј-CTCTCTGGCCAACTGCCT-3Ј. PCR products were cloned in the pCR-2.1 vector by using the TOPO-TA cloning kit (Invitrogen), and positive clones were sequenced as described above. Amplification of ␤-actin transcripts was performed as an internal control (primers available on request).
Exon Trapping Experiment. The exon trapping experiment, originally developed by Buckler et al. (17) and modified by Church et al. (18) , was performed by using the Exon Trapping System (GIBCO͞BRL), according to the protocol recommended by the manufacturer. The method can be divided into three distinct steps: (i) subcloning of genomic DNA, containing either wildtype or mutant CD40 exon 5, into the exon trapping vector pSPL3; (ii) transfection of the selected recombinant pSPL3 clones into COS-7 cells; and (iii) analysis of the RNA isolated from transiently transfected cells for the presence of trapped CD40 exon 5 sequence.
Vector construction. The wild-type or mutant PCR products, containing the entire exon 5 (94 bp), flanked by 329 bp corresponding to part of the intron 4 and 140 bp corresponding to part of the intron 5, respectively, were obtained by using the following oligonucleotides: 5Ј-AGGAGCT TAGGGCCCA AGGT-3Ј (forw) and 5Ј-GAGGCCACTCTGCAGATGCT-3Ј (rev), and subcloned in the pCR-2.1 vector by using the TOPO-TA cloning kit (Invitrogen). BamHI-EcoRV fragments were generated from this plasmid, gel-purified, and inserted into the pSPL3 vector linearized with the same restriction endonucleases. The pSPL3 derivatives were propagated in E. coli, and the DNA was purified and transfected into COS-7 cells.
COS-7 transfection. COS-7 cells were propagated in DMEM supplemented by 10% FBS, glutamine, and nonessential amino acids. For transfection, 4 ϫ 10 5 cells were seeded in 3.5-cm, six-well dishes, and grown to 70-80% confluence. Transfection was performed by using GIBCO͞BRL LIPOFECTACE reagent, as recommended in the standard protocol. Transfected cells were incubated in supplemented DMEM for 24 h at 37°C in a 5% CO 2 incubator, and total RNA was isolated by using NucleoSpin RNA II kit (Macherey & Nagel).
Exon amplification. Total RNA was used for the synthesis of first-strand cDNA, catalyzed by SUPERSCRIPT II RNase H Ϫ Reverse Transcriptase. The cDNA was amplified by PCR using oligonucleotides that were complementary to the splicing vector. In particular, for the primary PCR, oligonucleotides SD6 (5Ј-TCTGAGTCACCTGGACAACC-3Ј) and SA2 (5Ј-ATCT-CAGTGGTATTTGTGAGC-3Ј) were used, and for the secondary PCR, oligonucleotides dUSD2 (5Ј-CUACUACUACU-AGTGAACTGCACTGTGACAAGCTGC-3Ј) and dUSA4 (5Ј-CUACUACUACUAAGGAGTGAATTGGTCG-3Ј) were used. The secondary PCR products were electrophoresed through 2% agarose gel and blotted on Hybond-Nϩ nylon membrane (Amersham Pharmacia). The filter was hybridized to radiolabeled DNA probe corresponding to CD40 exon 5, by using a standard procedure. The secondary PCR products were cloned in pAMP10 and sequenced by using primer SD2 (5Ј-GTGAACTGCACTGTGACAAGCTGC-3Ј).
In Vitro Immunoglobulin Production. PBMC (10 5 ͞well) were cocultured with 2 ϫ 10 3 ͞well irradiated (70 Gy) CDw32Fc␥RII-transfected L cells and 0.5 g͞ml anti-CD40 mAb89, in the presence or not of recombinant human IL-10 (200 ng͞ml; Genzyme). All cultures were set up in Iscove's medium, supplemented with 50 g͞ml human transferrin, 5 g͞ml bovine insulin, 0.5% BSA, 5 ϫ 10 Ϫ5 M 2␤-mercaptoethanol, and 5% heat-inactivated FBS. All conditions were run in triplicate to a final volume of 200 l͞well. The supernatants were harvested after 10 days of culture at 37°C in humidified 5% CO 2 , and Ig production was assessed by an ELISA technique.
Results and Discussion
Immunological Phenotype of HIGM3 Patients. To characterize the molecular basis of immunodeficiency with hyper IgM in patients with normal CD40L expression and lack of mutations in the AID gene, we systematically evaluated the expression of B cell differentiation markers in hypogammaglobulinemic patients.
We identified three children: an 8-year-old Italian female [Patient 1 (Pt. 1)] born from consanguineous parents, and two first cousins, a 5-year-old male (Patient 2) and a 7-year-old female (Patient 3) from a multiply related Saudi Arabian family, who all shared normal counts of circulating B cells and a profound reduction of IgG and IgA serum levels, whereas IgM were present at normal͞high levels (Table 1) .
Pt.1 was admitted to a local hospital at the age of 4 months for a severe respiratory distress because of Pneumocystis carini infection. At the age of 2 years, she was again hospitalized for another episode of pneumonia and was found to have hypogammaglobulinemia with normal levels of IgM. Since then, she has been on Ig substitution therapy.
Pt.2 and Pt.3 suffered from recurrent lower respiratory tract infections from the age of 6 months and 8 months, respectively. For Pt.2, the diagnosis of hypogammaglobulinemia with high levels of IgM and severe neutropenia was made at the age of 16 months, and regular Ig substitution therapy and granulocytecolony-stimulating factor administration were started. For Pt.3, the diagnosis of hypogammaglobulinemia with normal levels of IgM was made at 8 months, and Ig replacement therapy was initiated. At the age of 3 years, she was admitted to an intensive care unit because of interstitial pneumonia.
The peripheral CD3 ϩ T lymphocyte and B lymphocyte counts were normal for all three patients, and so were in vitro lymphocyte proliferative responses to phytohemagglutinin or anti-CD3 (Table 1) . Furthermore, normal delayed hypersensitivity to tetanus toxoid was recorded in Pt.1.
Defective Expression of CD40 in HIGM3 Patients. Flow cytometry profiles showed lack of CD40 expression on the surface of peripheral blood B lymphocytes (Fig. 1) , monocytes, and BLCLs derived from Pt.1 and Pt.2 (data not shown). Western-blot analysis of B-LCL lysates, performed by using an anti-CD40 polyclonal antibody directed against the amino terminus of CD40, showed complete lack of CD40 protein in Pt.1, whereas a band with an apparently lower molecular weight was revealed in Pt.2 as compared with normal controls (Fig. 2) . As expected, both the normal band and the lower molecular weight band were present in the patient's mother (Pt.2 Mo in Fig. 2 ). Equal amounts of protein extract were loaded for each sample, as shown by reblotting with an anti-STAT5 antibody. The same results as in Fig. 2 were obtained by using an antibody directed against the carboxyl terminus of the CD40 protein (data not shown).
To investigate the molecular basis of defective CD40 expression, we performed RT-PCR analysis of CD40 mRNA obtained from PBMC or B-LCLs. The CD40 transcript was amplified with exonic primers that span the region from exon 1 to 6 (P1 and P2 in Fig. 3 ). In Pt.1, the only detected specific product was smaller than the 550-bp-long fragment amplified from normal controls (Fig. 3) . As expected, both a normal-sized and the smaller-sized amplification products were simultaneously obtained from the patient's mother (the father could not be investigated because he was not available). In contrast, a normal-sized product was obtained in Pt.2 (Fig. 3) . The CD40 amplification products obtained by using primers encompassing exons 6 to 9 (P4 and P5 in Fig. 3) were identical both in patients and in normal individuals (data not shown).
Direct sequence analysis of the mutant cDNA product from Pt.1 showed a deletion of 94 nt (from nucleotide 451 to 544), precisely matching the entire sequence of exon 5. Skipping of exon 5 was confirmed by sequence analysis of 10 independent clones obtained from Pt.1 cDNA.
In agreement with the RT-PCR data, the same deletion was also present in approximately half of the cDNA clones obtained from the patient's mother. Lack of exon 5 causes a frameshift after amino acid 135, leading to premature termination at codon 191, within exon 7. Presumably, the truncated protein is unstable and rapidly degraded, as indicated by lack of protein detection by Western-blot analysis (Fig. 2) .
Because it is known that several isoforms of CD40 mRNA are normally generated by exon skipping (19) , the possibility that the deleted PCR product found in Pt.1 represented a normal alternative transcript had to be ruled out. cDNA clones spanning the entire CD40 transcript were generated from LCL from two independent normal individuals, by using primers P1 and P2 (Fig. 3, exons 1-6) , and P3 and P5 (Fig. 3, exons 4-9 ). After analysis of over 50 clones, skipping of exon 5 was never observed; on the other hand, about 15% of the clones lacked exon 6 or exon 2, which correspond to the two previously described major alternative CD40 mRNA isoforms (19) .
CD40 Gene Mutations Cause HIGM3 Syndrome.
To search for the genomic mutations responsible for exon 5 skipping in the CD40 mRNA from Pt.1, and for the absence of CD40 surface expression in Pt.2, we sequenced the respective CD40 genomic loci. Specific primers were used to PCR amplify each exon, including flanking intronic splice sites and the branch sites. Nucleotide sequence analysis showed a single homozygous change (A455T) at the fifth base pair position in exon 5 in Pt.1 (Fig. 4) , resulting in a silent mutation at codon Thr136. The mother of Pt.1 was found to be heterozygous for this substitution. Single strand conformational polymorphism analysis of exon 5 from 150 normal chromosomes ruled out the possibility that this nucleotide substitution may represent a polymorphism. Interestingly, this mutation occurs in a putative ''exonic splicing enhancer'', a cis-element that promotes inclusion of specific exons (20) through binding by the serine͞arginine-rich splicing factors (21) . Based on the observation made on other genes (i.e., SMN and BRCA1 genes), where the occurrence of nonsense, missense, or silent mutations prevent correct splicing resulting in exon skipping (20, (22) (23) (24) , we speculated that skipping of exon 5 in Pt.1 may arise from disruption of a putative SF2͞ASF binding motif. By applying a nucleotide frequency matrix calculation (20, 25, 26) , we found that the A455T mutation reduces the score for the SF2͞ASF motif in exon 5 from a highly significant to an essentially null value (Fig. 4) . Genomic DNA sequence analysis performed in Pt.2 and Pt.3 showed that they are both homozygous for a T294C nucleotide substitution in exon 3, resulting in a Cys to Arg substitution at residue 83. This change occurs in the extracellular cysteine-rich domain of CD40, which is highly conserved among members of the tumor necrosis factor receptor (TNFR) superfamily (27) . Change of the Cys sulfidryl group to the positively charged Arg is likely to interfere with formation of intrachain disulfide bonds and protein folding, thus preventing membrane localization of CD40, and might also affect protein migration pattern in SDS͞ PAGE (Fig. 2) . Alternatively, it is possible that the mutant protein undergoes aberrant cleavage.
The Mutation Identified in Pt.1 Causes the Exclusion of Exon 5 from
mRNA. To exclude that additional inherited factors, other than the nucleotide substitution identified in the CD40 gene of Pt.1, might be responsible for exon 5 skipping, we performed an exon trapping experiment. This method, originally developed as a rapid approach to identify and isolate exons from complex mammalian genomic DNA (17, 18) , is based on the selection of 5Ј and 3Ј splice sites that are functional in COS-7 cells. Thus, it provides a simple way to study the splicing functionality of the mutant and wild-type CD40 exon 5 sequences independently of the patient's genetic background. Briefly, genomic DNA containing the human CD40 exon 5, flanked by its 5Ј and 3Ј splice sites, was inserted into an intron of the HIV 1 tat gene, contained within the pSPL3 plasmid. After transfection in COS-7 cells, mRNA transcribed from an upstream SV40 promoter was analyzed by RT-PCR for the inclusion of human CD40 exon 5, by using primers complementary to the vector exon sequences flanking the tat intron. A vector͞vector splicing event occurred when COS-7 cells were transfected with plasmid that did not contain subcloned genomic DNA, generating a major PCR In Pt.2 and Pt.3, the T to C substitution at nucleotide 294 changes codon 83 from Cys to Arg. In Pt.1, the A to T substitution at nucleotide 455 is a silent mutation that occurs within a putative binding motif for the SF2͞ASF protein.
Base pair numbers are designated according to CD40 mRNA sequence (accession no. NM 001250). Also indicated are the scores for the normal and mutant exon 5 sequences obtained after calculating the frequency matrices derived from a pool of functional enhancer sequences selected in vitro (25) . A score above 1.956 indicates a bona fide SF2͞ASF binding motif (the consensus motif is indicated: S ϭ G or C, R ϭ A or G).
product of 177 bp (Fig. 5, lane 1) , and several less abundant larger products because of cryptic splicing events (CS in Fig. 5) . A specific DNA fragment of 271 bp (177 ϩ 94 bp) was generated when splicing occurred between splice sites from the subcloned wild-type CD40 genomic DNA and the vector, thus including exon 5 (Fig. 5, lane 2) . On the other hand, when COS-7 cells were transfected with plasmid that contained the mutant CD40 genomic construct carrying the A455T nucleotide substitution identified in Pt.1, trapping of exon 5 was not observed (Fig. 5,  lane 3) , and the only specific PCR product corresponded to the vector͞vector splicing event described for the pSPL3 plasmid alone (compare lane 3 to lane 1 in Fig. 5 ). To exclude the possibility that some residual vector͞exon 5͞vector splicing events occurred in the presence of the A455T nucleotide substitution, we performed a Southern blot analysis by using CD40 exon 5 as a probe. As expected, a specific signal could be seen only when the subcloned CD40 genomic fragment corresponded to the wild-type CD40 sequence (Fig. 5, lanes 5 and 6) . These data were confirmed by cloning and sequencing the PCR fragments in lanes 1, 2, and 3; only the 271-bp fragment in lane 2 contained exon 5 of the CD40 gene. This experiment showed that the mutation described in Pt.1 was indeed sufficient to cause skipping of exon 5. The ability of B cells derived from Pt.1 and Pt.2 to undergo Ig isotype switching in the presence of CD40 agonists was directly assessed in vitro by coculturing PBMC with CDw32Fc␥RII-transfected L cells in the presence of anti-CD40 antibody (mAb89) and IL-10. Addition of IL-10 induced a remarkable production of IgG, IgA, and IgM in normal controls but not in the patients (Table 2) .
On the whole, these data suggest that lack of CD40 expression on the surface of B cells results in defective generation of isotype-switched memory B cells and impaired class switch recombination, the same immunological profile described in patients with HIGM1 (4-7, 9, 28). Because CD40 is expressed as a trimer, it is also possible that heterozygous mutations that allow expression of CD40, but affect its function, may also result in a HIGM phenotype by exerting a dominant-negative effect. Moreover, mutations in the intracytoplasmic domain of CD40 might allow surface protein expression, preventing correct signaling and hence resulting in HIGM. Schematically shows the potential splicing events generated in the exon trapping procedure. COS-7 cells were transfected with the pSPL3 vector containing the CD40 genomic sequence corresponding to either the wild-type (WT) or the mutated (MUT) exon 5 and the flanking introns, or with the empty plasmid (EP). RNAs from transfected COS-7 cells were isolated, converted to cDNA, and amplified (primers used in the secondary amplification reaction are indicated). The resulting PCR products were analyzed by 2% agarose gel electrophoresis (B), subcloned, and sequenced. The 177-bp fragment was derived from the splicing occurring between vector 5Ј and 3Ј splice sites (lane 1). This product was absent when the cells were transfected with the construct containing the wild-type CD40 exon 5 sequence (lane 2), but it reappeared when the CD40 exon 5 carried the A455T mutation present in Pt.1 (compare lane 2 and 3). The 271-bp specific fragment present in lane 2 corresponded to the product derived from the splicing occurring between the vector and the CD40 exon 5, and it included the exon 5. A weakly stained 300-bp fragment was present in lanes 1 and 3 (CS in the figure) and corresponded to a product derived from cryptic splice sites, which are present into the intron of the HIV 1 tat gene. Southern blot analysis of the PCR products, performed with a probe corresponding to the CD40 exon 5, confirmed that only the specific 271-bp fragment in lane 2 trapped the exon 5 (lane 5). Ctl1͞Ctl2, two independent normal controls.
To assess the rate of somatic hypermutation in HIGM3, we analyzed the mutation frequency of the V3-23-C transcripts expressed by purified CD19 ϩ CD27 ϩ B cells from Pt.1, as previously described (29) . The proportion of V3-23 somatic mutations per base pair was significantly reduced in the patient as compared with age-matched controls (0.9% vs. 2.5-6%; data not shown), indicating defective somatic hypermutation in CD40-deficient B cells.
In summary, we found that lack of CD40 surface expression causes an autosomal recessive form of hyper IgM that we propose to name HIGM3. The immunological phenotype of our patients closely resembles that of CD40-knockout mice (12, 13) .
From a clinical point of view, HIGM3 is more similar to HIGM1 than to HIGM2. In fact, two of three patients suffered from severe interstitial pneumonia, and one patient had severe neutropenia. This increased susceptibility to opportunistic infections, well documented in HIGM1 but not in HIGM2 patients, who suffer mainly from recurrent bacterial infections, confirms the critical role of CD40͞CD40L interaction in immune defense mechanisms toward both extracellular and intracellular pathogens (30) (31) (32) .
